ABSTRACT: Forensic casework from past-conflicts relies on the corrected historical Trotter data for stature estimation in Fordisc. For roughly 10 years', stature estimation using this data has produced point estimates for the tibia that are on average 1.25 inches less than the other long bones. This issue was identified after applying the equations derived from Fordisc to the USS Oklahoma commingled assemblage. Reevaluation of Fordisc revealed that a correction factor of 20 mm, instead of 10 mm, was mistakenly applied to the Trotter tibia data. Historical forensic anthropology reports written at the Defense POW/MIA Accounting Agency were utilized to identify that the overcorrection is isolated to Fordisc 3 with an error rate of 5% of known antemortem statures falling outside of the prediction intervals that relied on the tibia. Further evaluation of the Oklahoma sample indicates the 10 mm correction is still producing point estimates less than the other long bones.
For the maximum length definition, no authoritative reference is given. For the ordinary length definition, she cites personal communication with Krogman in 1948 (1) . Her follow-up research on stature estimation from the Korean War dead included 5517 U.S. military personnel (4) . In this study, she gives one definition for the tibia, which matches the maximum length definition from her 1952 study (1, 4) . It should be noted that this definition corresponds to Martin's condylar malleolar length definition (5) . This definition has been incorporated into contemporary standards and does not represent the maximum length, which includes the intercondylar eminences (5) (6) (7) (8) . Historically, the tibia length measurement has been problematic to take, which is reflected in the interobserver error studies (8) (9) (10) . However, this situation may be changing as forensic anthropologists are working toward the standardization of measurement definitions. For example, Langley et al. provide the latest revised measurement standards with intraobserver and interobserver error (8) .
Research conducted in the mid-1990s by Jantz et al. (2, 3) discovered that the reference tibiae used to calculate stature equations in the 1952 study were likely measured without the malleolus, which contradicted the definition given by Trotter (1, 4) . A study by Jantz et al. (3) remeasured 178 tibiae at the Terry collection and determined that their measurements were longer on average by 11.3 mm than Trotter's measurements on the same tibiae. It was extrapolated that the World War II data were also collected without the malleolus given that they are from the same study, and the tibiae were smaller in the majority of cases in length than the fibulae (2, 3) . Due to these reasons, a correction factor of 10 mm was calculated to fix the data, which was appended to the tibiae lengths to estimate the malleolus (2, 3) . This correction has been in use since the mid-1990s and it was placed into Fordisc (versions 2 and 3), the discriminant analysis software, to allow practitioners to calculate stature point estimates using the Trotter data (11, 12) . Fordisc version 1 did not include a stature estimation option (11), Fordisc version 2 relied on built-in equations, and Fordisc version 3 calculates the regressions from raw data for each analysis (11) (12) (13) .
However, the authors of this study have discovered that some issues remain with the Trotter World War II data. These issues were identified after applying the Trotter formulae from Fordisc 3 (12) to the humeri, ulnae, radii, femora, tibiae, and fibulae from service members who perished aboard the USS Oklahoma battleship during the attack on Pearl Harbor. Mean point estimates were calculated for each bone type, and the tibiae mean was 1.25 inches less than the others. This indicates there is systematic error with the 10 mm corrected Trotter data in Fordisc 3 (12) , which underestimates the stature for the Oklahoma tibiae (i.e., the Trotter data compared to another WWII sample have unusually large tibiae).
Following the discovery of this error, a reanalysis of Fordisc revealed that the correction factor of 10 mm had been applied twice, resulting in an addition of 20 mm instead of 10 mm (personal communication with Dr. Richard Jantz). The source of this confusion came from both Fordisc developers applying the correction factor independent of each other prior to its placement in Fordisc 3 (personal communication with Dr. Richard Jantz). This overcorrection has resulted in the same amount of error as the omission of the malleolus in the 1952 Trotter study, but in the opposite direction, resulting in the point estimates being underestimated rather than overestimated. The reanalysis resulted in new population-specific correction factors for all of the Trotter tibia data for White males (10 mm), White females (11 mm), Black males (13 mm), and Black females (11 mm), which have all been implemented in the Fordisc postcranial data file to correct the error (version 1.18) as of November 12, 2017 (personal communication with Dr. Steve Ousley).
However, adding 10 mm to the tibiae length from the Oklahoma to account for the 20 mm correction, which should have produced correct point estimates, resulted in a mean point estimate that was still significantly less than the other mean point estimates. This suggests an overcorrection issue still exists in the data.
Materials and Methods
The identification of the Fordisc error was based the USS Oklahoma skeletal assemblage, which consists of 508 humeri, 336 ulnae, 324 radii, 642 femora, 575 tibiae, and 363 fibulae. These elements were measured according to the contemporary standards (6) (7) (8) . Mean stature point estimates and standard deviation for each bone type, including variable corrections for the tibiae, were calculated using the Trotter equations derived from Fordisc 3. The Oklahoma sample is predominantly White and therefore the 10 mm correction is applicable as a comparison but not the other population-specific corrections recently introduced.
However, to evaluate the best possible fit, correction factors between 0 and 20 mm were utilized, and as a 6 mm correction had the best overall fit, only those results are provided as a comparison to the 10 mm and 20 mm corrections. Furthermore, Welch's two-sample t-tests were conducted between the humeri, ulnae, radii, femora, and fibulae mean point estimates, the antemortem statures mean, and the tibiae mean point estimates. While this test violates the assumption that two groups have been independently sampled, in this case, some elements will be from the same individual, the robustness of the t-distribution allows us to draw some useful conclusions. A paired t-test would be ideal, but the commingled context does not permit this as an option.
To assess when the error was introduced in Fordisc, a sample of 54 identified DPAA Laboratory forensic cases was evaluated for point estimate error. This sample included 15 cases utilizing Trotter's equations derived from Fordisc 2, and 39 cases utilizing the same equations derived from Fordisc 3. The point estimates were calculated using only the tibia or the tibia combined with the femur and/or humerus.
For the 15 cases that used Fordisc 2, point estimates were recalculated using the 10 mm corrected Trotter equations and compared to the originally reported point estimates derived from Fordisc 2 to look for a difference in estimates. This analysis allowed us to discern if the 20 mm correction was present in the Trotter equations in Fordisc 2.
For the 39 cases that used Fordisc 3, point estimates were recalculated using the 10 mm corrected Trotter equations and compared to the originally reported point estimates. As these 39 cases were eventually identified, the known antemortem statures for all of these were compared with the 95% prediction intervals originally estimated and 95% prediction intervals derived from the corrected Trotter data, which allowed the calculation of the number of antemortem statures outside of the prediction interval due to the error introduced with the 20 mm correction.
All statistical analyses were carried out in the R-project software version 3.4.2 for Linux (14) . Results for the measurement techniques are presented in millimeters (mm) and point estimates in inches (in) given the use of inches in the U.S. military for stature and use of millimeters in osteometry.
Results
The Oklahoma mean point estimate for the tibiae is 67.08 inches with the 20 mm correction, which is on average 1.25 inches less than the point estimates for other long bones (Table 1) . Furthermore, the 10 mm correction produces a mean point estimate of 67.94 inches, which is 0.39 inches less than the other point estimates. The 6 mm correction produces a mean point estimate of 68.29, which is 0.10 inches different than the others. Furthermore, there are statistically significant differences between the other long bone mean point estimates and the tibiae mean point estimates using an alpha level of 0.05 ( Table 2 ). The 6 mm correction produced relatively larger p-values except for the radius. Similarly, the Oklahoma mean of the antemortem statures is statistically different than all three tibiae mean point estimates, but much less than the 6 mm correction. The total difference between each mean point estimates, and from each bone type to each other, indicates a greater concordance in average point estimates among elements when the 6 mm correction is used ( Table 3 ). The total difference between point estimates and from each element should converge, indicating each bone contributes an equal amount of difference to the total average. The use of the 6 mm adjustment increases the fit from 0.23 of an inch to 0.13 of an inch.
For the 15 forensic anthropology reports that used Trotter equations from Fordisc 2, the mean difference in the point estimate from the report and from the data with the 10 mm correction is 0.07 of an inch. This confirms that the 20 mm mistake was not present in Fordisc 2, but only appeared in Fordisc 3.
The 39 forensic anthropology reports that used Trotter equations from Fordisc 3 had a mean difference of 0.49 inches with a maximum difference of 1 inch (Table 4) . Stature estimates using the Trotter equations from Fordisc 3 resulted in two known antemortem statures falling outside of the 95% prediction intervals originally calculated. Furthermore, these two cases are within the 95% prediction intervals without the overcorrection. This indicates a possible 5% error rate associated with the 20 mm correction; however, given the small sample of 39 cases, this rate should be interpreted with caution.
Discussion
The use of the tibia in stature estimation has been a recurring issue in the field of anthropology for decades. The original mismeasurement of the tibia by Trotter and Gleser (1), correction of that mistake by Jantz et al. (2, 3) , and overcorrection in Fordisc 3 all have the potential to alter the accuracy of stature point estimates from historical case work going back a decade.
Tibia stature point estimates calculated from the Trotter data in Fordisc 3 have been producing point estimates that are significantly less than the other long bones in case work going back roughly 10 years. The overcorrection of 20 mm is limited to Fordisc 3 and was introduced in 2008 as determined by the lack of difference in point estimates from prior historical case work. Analysis of DPAA case work indicated a potential error rate of 5% for known antemortem statures falling outside of the prediction intervals.
As published by Jantz et al. (2,3) , the mean difference excluding the malleolus between Trotter's and the Jantz et al. (2, 3) measurements is 11.3 mm, which is less than the historical literature indicating a mean difference of 13.4 mm for the malleolus contributing to the standard contemporary length definition (15) . The reason for this discrepancy is unknown. Furthermore, the remeasured tibiae in the previous studies excluding the malleolus were systematically longer than Trotter's measurements, despite a marginal difference within 1 mm (2,3). This difference is possibly attributed to interobserver error, as the interobserver variation in the tibia length is greater than other long bone lengths (8) .
The results of this study demonstrate that using a 6 mm correction factor rather than 10 mm provides a better overall fit for the Oklahoma data. This corresponds to the hypothetical, but not proven scenario that some World War II tibiae measurements may have been taken with the malleolus included. However, extrapolating from the results in Jantz et al. (2, 3) , the difference between the tibiae and fibulae with a 6 mm correction would be too low to be biologically consistent. This indicates there could be differences within and between how the Terry and World War II data were collected, or morphological differences between the Terry and World War II data, either of which might explain why the correction factor based on the Terry results is overcorrecting the World War II data. However, further research into possible morphological differences is required before a concrete conclusion can be made.
As only the White male population-specific correction factor was utilized as a comparison in this study, conclusions on the fitness of the other population-specific corrections cannot be drawn. However, given the discrepancies between the Terry and World War II data, it might be best to avoid the Trotter tibia data altogether if possible. The authors do not give a recommendation for which correction factor to use but acknowledge further corrections of the Trotter data are unlikely to result in better equations. The 6 mm correction should not be used as a correction factor, but rather, indicates evidence that unaccounted for noise still exists in the data.
As the field of forensic anthropology moves toward interdisciplinary research with the fields of computer science and bioinformatics, it is important that established protocols regarding the development and testing of software are adopted to prevent these types of mishaps. Often when new versions of software are released, the integrity of the data and design are not properly validated by the anthropology community. This allows mishaps such as the overcorrection to persist for an unnecessarily length of time.
Software and data quality assurance protocols need to be adopted and managed so that forensic anthropology programmers and practitioners alike are involved in the process of ensuring that data integrity and reliability of software is maintained. This style of framework, commonly referred to as the agile development cycle, requires active participation from the forensic anthropology community (16, 17) . Equally important is the adoption of open-source software applications within the framework of open science in support of issues relevant to forensic anthropology practitioners, which all actively encourage beta testers and growth of the forensic anthropology community during development cycles (18) . The open science framework encourages the release of source code and data. This style of development will help circumvent the perpetuation of the type of mishaps described in Fordisc.
